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Abstract 

Herpes simplex virus 1 (HSV-1) is a neurotropic virus that causes sl<in lesions and goes on to enter a latent state in neurons 
of the trigeminal ganglia. Following stress, the virus may reactivate from latency leading to recurrent lesions. The In situ 
study of neuronal infections by HSV-1 is critical to understanding the mechanisms involved in the biology of this virus and 
how it causes disease; however, this normally requires fixation and sectioning of the target tissues followed by treatment 
with contrast agents to visualize key structures, which can lead to artifacts. To further our ability to study HSV-1 
neuropathogenesis, we have generated a recombinant virus expressing a second generation red fluorescent protein 
(mCherry), which behaves like the parental virus in vivo. By optimizing the application of a multimodal non-linear optical 
microscopy platform, we have successfully visualized in unsectioned trigeminal ganglia of mice both infected cells by two- 
photon fluorescence microscopy, and myelinated axons of uninfected surrounding cells by coherent anti-Stokes Raman 
scattering (CARS) microscopy. These results represent the first report of CARS microscopy being combined with 2-photon 
fluorescence microscopy to visualize virus-infected cells deep within unsectioned explanted tissue, and demonstrate the 
application of multimodal non-linear optical microscopy for high spatial resolution biological imaging of tissues without the 
use of stains or fixatives. 
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Introduction 

Immunohistochemical approaches to study viral pathogenesis 
can be liighly informative but they require harsh chemical fixation 
as well as thin sectioning of tissue because of the poor depth 
penetration of traditional light microscopy. Both of these 
treatments have been demonstrated to affect tissue morphology 
[1], and furthermore, the three-dimensional structure of the tissue 
is necessarily lost. Bioluminescence strategies are useful for in vivo 
studies; however, the resolution is relatively poor. In the past years, 
the use of fluorescent proteins to study viral infections has grown 
[2,3,4]. One advantage of this approach over immunohistochem- 
istry is that there are no concerns of non-specific staining due to 
cross-reactivity of antibodies with different antigens. But tradi- 
tional confocal microscopy does not permit imaging deep within 
tissue, therefore it typically necessitates sectioning of the tissue. In 
contrast, two-photon microscopy allows imaging deep (1 mm) in 
tissue such that intrinsically fluorescent proteins expressed within 
tissue can be imaged at high resolution in a three dimensional 
tissular context. Despite these advantages, two-photon fluores- 
cence imaging cannot match traditional histochemistry with 



regards to distinguishing different tissue components. In addition 
to two-photon microscopy, other microscopy techniques, which 
are label-free, are used by the biomedical community to image 
tissues including second harmonic generation [5,6,7,8] and 
coherent anti-Stokes Raman scattering (CARS) [9,10,11]. CARS 
microscopy provides an imaging contrast based on vibrational 
spectroscopy and is extremely powerful to image structures rich in 
CH2 symmetric stretching modes, a chemical group which is 
abundant in lipids [12,13,14,15,16,17]. This type of microscopy 
has already been exploited to visualize lipid droplets induced by 
the Hepatitis C virus (HCV) in cell culture [18]. In whole tissue 
mount, multiphoton fluorescence microscopy can be used to 
identify different structures by their autofluorescence, and it 
affords great sectioning capability [19,20]; however, autofluor- 
escent properties of the tissue under study can be problematic if 
the emission spectra overlap with that of the fluorescent protein 
used for tracking of cells [21]. Optimization of the experimental 
conditions for each imaging modality, as well as their compati- 
bility, is crucial if one is to combine their respective strengths to 
achieve multimodal high spatial resolution imaging deep in tissue. 
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Herpes simplex virus 1 (HSV-1) is a neurotropic virus. The 
double-strand DNA genome is contained within an icosahedral 
capsid surrounded by a protein rich tegument, and finally a bilipid 
envelope [22,23]. During a primary infection, the virus first 
replicates in epithelial cells of the mucous membrane leading to 
skin lesions commonly referred to as cold sores [24,25]. Next, the 
virus infects the endings of sensory neurons innervating the 
mucosa and spreads to the trigeminal ganglia (TG). The virus can 
replicate within neurons of the TG, though ultimately, viral gene 
expression in the neuronal ganglia will diminish, and a life-long 
latent infection will be established [26,27,28,29]. Under conditions 
of stress, the virus can exit latency and re-enter a productive cycle 
of viral replication leading to recurrent infections. While infections 
in healthy individuals are usually benign, ocular keratitis and viral 
encephalitis can occur. In immune-compromised hosts and in 
neonates, infections can be more severe and may lead to 
disseminated disease [30,31]. The murine ocular infection model 
for HSV-1 recapitulates many of the stages of a typical infection 
including acute replication in the mucosa, acute replication in 
neurons of the TG, and the establishment of a latent infection 
[32,33]. Ex vivo reactivation upon post-mortem harvesting of TG 
is also observed, and virus reactivation in vivo (to varying degrees) 
can be induced through diflcr(;nt means [34,35,36,37]. 

The goal of this study was to achieve multimodal high spatial 
resolution imaging deep within an HSV-1 -infected TG using 
signals intrinsically generated by, and generated within the tissue. 
TG contain many myelinated neurons of various sizes, whose 
myelin sheathes can generate a strong and specific CARS signal 
[1 2, 1 4, 1 7] by virtue of their richness in symmetric CH2 vibrational 
modes. The neuron soma generates very little CARS signal, but is 
strongly autofluorescent and emits in the green spectrum close to 
that of the commonly used green fluorescent protein [21]. 
Infection of cells can be detected using a virus expressing a 
fluorescent reporter gene. To date, the combination of CARS and 
multiphoton fluorescence microscopy in the context of a viral 
infection has been limited to the analysis of single monolayers of 
cells in culture [18,38]. Herein, we describe for the first time the 
combined use of CARS microscopy and two-photon fluorescence 
microscopy to visualize infected cells and components of the 
surrounding tissue in an unfixed and unsectioned virus-infected 
tissue. 

Results 

Production of vUs7-8mCherry 

For our pathogenesis studies of HSV-1, we produced and 
characterized a recombinant strain of HSV-1 that behaves like the 
wild-type parental strain KOS, and that stably expresses the 
second generation red fluorescent protein (RPP) mCherry [39] 
(Figure 1). This RFP was chosen due to its stability and the fact 
that it functions as a true monomer. Furthermore, due to the 
inherent autofluorcscencc of nc'ural tissue' in the green spectrum, 
the use of an RFP minimized background signal from uninfected 
cells in the TG. The cloning strategy chosen was designed so as not 
to disrupt any viral open reading frames (ORFs) or regulatory 
regions of the surrounding genes. An mCherry expression cassette 
under control of a mammalian promoter was inserted into the 
intergenic region between the ORFs of the HSV-1 Us7 and Us8 
genes. To avoid disrupting the polyadenylation of transcripts co- 
terminal with Us7, as well as to avoid interrupting the promoter of 
Us8, the Us7 and Us8 intergenic region was duplicated in tandem. 
Two independent isolates of the recombinant virus vUs7- 
8mCherry, a and b, were produced by homologous recombina- 
tion. 



Characterization of vUs7-8mCherry in vitro and in vivo 

Prior to using vUs7-8mCherry for our experiments, we tested 
whether the virus behaved like the parental strain both in cell 
culture and in vivo. For several HSV-1 strains in which genes for 
intrinsically fluorescent proteins have been inserted into the 
genome, stability has proven to be a problem and expression 
cassettes were either repressed or lost due to the recombinegetic 
nature of the virus [4,40]. In contrast, we found that vUs7- 
SmCherry was very stable; the mCherry expression cassette was 
maintained by the virus throughout multiple rounds of replication 
in vilro (data not shown). We also tested the impact of the insertion 
of the mCherry cassette on expression of the downstream gene 
UsS. Us8 codes for the viral glycoprotein E (gE). To confirm that 
our strategy was successful in preserving wild type expression levels 
of gE, we assessed steady-state levels of the glycoprotein in Vero 
cells infected for 18 hours with vUs7-8mCli(;rry (Figure 2 A). By 
Western blot analysis, we found that gE protein levels were similar 
for each of the isolates and the parental strain KOS. Furthermore, 
we found that both isolates replicated as efficientiy as the wild-type 
virus KOS in a single-step replication assay (Figure 2 B). 

Wc next assessed the efficiency of \ Us7-8mCherry to replicate 
in vivo using a well-established murine model of ocular infection 
[32]. Mice were infected with 2x10^ plaque forming units (pfii) of 
HSV- 1 per eye following light scarification of the cornea. For the 
first three days post infection (dpi), both isolates of vUs7-8mCherry 
produced viral titres in tear films similar to KOS (Figure 3 A-C). 
Likewise, at three dpi, the viral titres in TG for vUs7-8mCherry 
were similar to wild-type levels (Figure 3 D). We next tested the 
ability of vUs7-8mCherry to reactivate from latentiy infected TG 
in an explant assay. In this assay, TG are dissociated enzymat- 
ically, and then co-cultured on a monolayer of Vero cells. By 
24 hours post dissociation, mCherry-positive neurons were readily 
detected using fluorescence microscopy (data not shown). 
Furthermore, no reduction in the frequency of reactivation as 
compared to KOS was observed for either independent isolate of 
vUs7-8mGherry (Table 1). In addition, we found that vUs7- 
8mCherry was stable in vivo, because we did not observe loss of 
mCherry expression following passage through mice either during 
acute replication or following ex vivo reactivation (data not 
shown). 

Visualisation of infected cells by fluorescence microscopy 

Prior to imaging of infected tissues using our multimodal 
multiphoton platform, we assessed our ability to visualize vUs7- 
SmCherry-infected tissues by standard confocal microscopy. 
Eyeballs and TG were harvested post-mortem at two and three 
dpi. Tissues were fixed and processed for sectioning by cryostat, 
and 10 |J.m sections were mounted on microscope slides (Figure 4). 
Many subanatomical structures were readily identifiable by their 
autofluorescence. The opaque sclera of the eye, as well as the 
clusters of pseudomonopolar neurons in the TG, naturally 
generate a very bright signal in the green field due to their 
richness in epithelial cell NADPH and cellular matrix collagen, 
and in lipofuscin respectively [19,21,41]. In contrast, autofluores- 
cence of these tissues drops dramatically once in the red field such 
that corneal epithelial cells infected by vUs7-8mCherry stood out 
from the background (Figure 4 A). Similarly, in the TG, infected 
neurons were identifiable via mCherry fluorescence, which was 
also above the autofluorescence background signal in the red field 
(Figure 4 B-C). We next confirmed that we could identify the same 
infected region using fluorescence microscopy to visualize 
mCherry expressed by our recombinant virus, as we could by 
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Figure 1 . Production of a recombinant strain of HSV-1 expressing a red fluorescent protein. The region between the viral genes Us7 and 
UsS was chosen as the site of insertion of an expression cassette for the red fluorescent protein mCherry. (A) The arrows indicate the open reading 
frames (ORF) of viral genes present in the locus. The area of interest modified by PCR involves the end of the transcribed region of the viral genes UsS, 
Us6, and Us7, as well as the beginning of the transcribed region of the viral gene UsS, both indicated by blue boxes. The red box indicates the location 
of the Poly A signal shared by UsS, Us6, and Us7. The green box indicates the location of the UsS start codon. The line between the UsS-7 and the UsS 
boxes indicates the intergenic site flanked by both transcribed regions. (B) The intergenic region was duplicated in tandem following amplification by 
two PCR reactions. The grey boxes represent each of the fragments generated by PCR. The restriction sites embedded within the primers used for the 
PCR are indicated at the ends of each fragments. (C) The transfer vector was produced following the insertion of a mCherry expression cassette 
between the duplicated intergenic region of Us7 and UsS. The thin grey rectangles represent the PCR fragments. The thin green rectangle represents 
the mCherry expression cassette. The blue boxes represent the viral ORFs of genes UsS, Us6, Us7, and UsS. The green box represents the CMV 
promoter. The red box represents the mCherry ORF. Diagrams are not to scale. 
doi:10.1371/journal.pone.0105103.g001 



standard immunohistochemistry. Samples were processed for 
immunohistofluorescence using antiserum directed against HSV- 
1 and a secondary antibody conjugated to Alexa 488 (Figure SI). 
As expected, the subcellular structures visualized by each 
approach differed. The soluble protein mCherry was detected in 
the cytoplasm and nucleus. In contrast, the HSV-1 antiserum, 
which contained many antibodies directed against viral glycopro- 
teins, stained mainly cell membranes and cytoplasmic structures. 
Nevertheless, the same region of the TG that was stained using the 
HSV-1 antiserum was detected by imaging mCherry expression, 
thus vahdating our strategy to use a virus that expresses a red 
fluorescent protein for detection with our platform. 

Visualization of wliole TG using multimodal non-linear 
optical microscopy 

One of the major advantages of two-photon fluorescent 
microscopy compared to traditional confocal microscopy is the 
ability to conduct deep tissue imaging. We next visualized sites of 
viral replication in whole, unfixed, infected TG using our 
multimodal non-linear optical microscopy platform (Figure 5). 
Mock-infected TGs as well as vUs7-8mCherry-infected TGs were 
harvested at 3 dpi, and immediately placed in ice cold PBS. The 
delay between time of harvest and analysis was maintained to less 
than 24 hours to preserve tissue architecture. TGs used for these 



analyses were neither fixed nor sectioned. Following harvest, a 
typical TG is approximately 1 mm in diameter and 1 cm in 
length. For imaging purposes, TG were placed on a microscope 
slide, overlayed with a small amount of cold PBS, and covered 
with a no. 1 coverslip. 

Phospholipids that make up the cellular plasma membrane are 
rich in symmetric CH2 vibrational modes. Thus, the myelin sheath 
surrounding neuronal axons, which are formed by multiple layers 
of Schwann cell plasma membrane, are readily visualized by 
CARS microscopy. Although we noted that some autofluorescence 
signal could be detected when using the filter for CARS 
microscopy, we were able to clearly visualize axonal extensions 
and distinguish between the inside and the borders of the axons 
(Figwe 5 A). By combining CARS microscopy with 2-photon 
fluorescence microscopy, which allowed us to visualize neuronal 
cell bodies by autofluorescence in the green spectrum, we were 
able to distinguish between regions dominated by axonal 
extensions and regions containing clusters of non-infected 
pseudomonopolar neurons (Figure 5 B). 

We next attempted to image infected cells in their three 
dimensional tissular context using our microscopy platform. For 
imaging of intact TG, infected sites within TG were first located by 
two-photon fluorescent microscopy using a filter for mCherry. 
Cells infected with vUs7-8mCherry were readily identified deep 
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Figure 2. Characterization of vUs7-8mClierry. (A) Western blot 
showing expression of the viral protein Us8 (gE) in Vero cells infected by 
vUs7-8mCherry (isolates a and b) (top panel). The blot was stripped and 
reprobed for beta-Actin as a loading control (bottom panel). The 
positions of molecular mass markers are indicated to the left of each 
panel. Arrows to the right of the panels mark the position of the 
protein. (B) One-step replication analysis of vUs7-8mCherry (a and b) 
compared to the wild-type virus KOS. Anova statistical tests revealed no 
significant differences in the values obtained for vUs7-8mCherry and 
KOS. 

doi:10.1371/journal.pone.0105103.g002 

within the TG. Through the collection of a series of Z-stacks, we 
reconstructed a three-dimensional projection of a cluster of 
infected neurons visualized through the detection of mCherry 
using the program NIH Image J (Figure 5 C and Video SI). Once 
an infected region of the TG was identified, we selected one of the 



focal planes to visualize using both CARS microscopy alone or 
combined with fluorescence microscopy (Figure 5 D, E respec- 
tively). The autofluorescence signal was digitally substracted from 
our CARS field images to put emphasis on the signal generated by 
myelinated axons (Figure 5 D). This particular region, dominated 
by neuronal cell bodies, generated CARS signal due to axons 
located between the cell bodies. The focal plane visuahzed by 
CARS microscopy was merged with the corresponding field 
obtained from two-photon microscopy (Figure 5 E). Thus, we 
successfully combined two-photon fluorescence microscopy with 
CARS imaging to visualize HSV-1 -infected neurons deep in 
unfixed and unsectioned neurons within TG. 

Discussion 

Although there has been much written about the potential of 
tissue imaging with multimodal multiphoton microscopy [20,42], 
to the best of our knowledge, this study constitutes the first report 
of combining CARS microscopy and two-photon fluorescence 
microscopy to study viral infections deep within whole tissue 
mounts. Combining the two techniques enabled us to visuahze 
distinct subanatomical structures within the TG, both in infected 
and uninfected regions of interest (ROI). Regions of dense bundles 
of myelin rich axons within TG were readily observed by CARS 
microscopy. In contrast, regions corresponding to large clusters of 
neuronal cell bodies produced smaller areas of CARS signal in 
between the cell bodies. When using the fluorescence imaging 
modality, the multimodal non-linear optical microscopy platform 
enabled us to visualize uninfected bodies deep within TG by virtue 
of their autofluorescence in the green spectrum, as weU as infected 
cells via the expression of mCherry by the virus. 

Although there have been numerous HSV- 1 strains constructed 
that express intrinsically fluorescent proteins, few have been 
generated that avoid disrupting any viral ORF, and that maintain 
a wild-type phenotype both in vitro and in vivo 
[4,43,44,45,46,47,48]. Furthermore, some were demonstrated to 
be unstable leading to loss of expression of the fluorescent protein 
after several passages [4]. We have successfully engineered a 
recombinant HSV-1 strain that expresses mCherry all the while 
retaining a wild- type phenotype in vivo. Furthermore, we found 
that the virus is stable both in cell culture and following passage 
through mice. Thus, this virus constitutes one of a limited number 
of recombinant HSV-1 strains that encode an intrinsically 
fluorescent protein, and that are suitable for in vivo studies 
looking at pathogenesis [49,50]. 

mCherry was an excellent choice for visualization of infected 
cells in situ due to the low natural fluorescence of biological 
samples corresponding to its visual spectrum. The mCherry signal 
was suflrcientiy above the autofluorescence background with 
limited photobleaching to detect both the cell bodies and the 
axons of many infected neurons in the tissue. Further improve- 
ment to our strategy would include having an even stronger signal 
to noise ratio for the multiphoton fluorescent imaging. One 
approach would be the use of the RFP tdTomato, for which the 
gene is a duplicated mTomato ORF in tandem and in frame. This 
intramolecular dimer is three times more brilliant than mCherry, 
and has been detected as deep as 1 cm within tissues, making it 
ideal for the study of viral dissemination within an experimental 
animal [51]. 

Finally, using the sectioning power of our microscopy platform, 
we recreated a three-dimensional projection of an ROI deep 
within the unfixed TG where infected neurons were located. In 
this projection, infected neurons and axons could be observed in 
relation to their native environment. From there, we were able to 
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Figure 3. Insertion of tKie mCherry expression cassette between Us/and UsSdoes not alter virus phenotype in vivo. Both independent 
isolates of vUs7-8mCherry were tested in vivo in parallel with the wild-type virus KOS as a control. Titers of virus present in tear films of mice at 1 (A), 2 
(B) and 3 (C) days p.i. (D) Titers of virus present in the TG of mice harvested at 3 days p.i. Anova statistical tests revealed no significant differences in 
the values obtained for vUs7-8mCherry and KOS. 
doi:10.1371/journal.pone.0105103.g003 



select ROIs to analyze in more detail combining fluorescence and 
CARS microscopy techniques. Our results demonstrate the 
potential of multimodal non-linear optical microscopy for studying 
viral infection and pathogenesis in whole tissues by combining 
data acquired through different imaging modalities. Furthermore, 
because CARS imaging is particularly well suited to studying 
demyelinating diseases, our platform would be ideal for investi- 
gating hypotheses of virus-induced demyelination among other 
virus-induced neuropathologies. Although our experiments were 
conducted on explanted tissue, our ability to accomplish this 
imaging without fixatives, stains or sectioning of the tissue 
demonstrates the potential for applications in in vivo imaging. 
Future improvements to the system include strategies to increase 
the signal to background ratio of CARS signals in biological 
samples, and the use of brighter intrinsically fluorescent proteins 



that, nevertheless, do not emit at a wavelength corresponding to 
high autofluorescence in different tissues. 

Materials and Methods 

Ethics Statement 

All animal experiments were carried out at the INRS Centre for 
Biological Experimentation in accordance with institutional good 
animal care practices, and approved by the "Comite institutionnel 
de protection des animaux" of Universite INRS (permit #0806- 
04). 

Plasmid construction 

To create a eukaryotic expression cassette for mCherry, the 
ORF was excised from the prokaryotic expression vector 
pRSETb-mCherry [39] with Hindlll and BamHI. The resulting 
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Table 1. Expression of mCherry does not reduce viral ex vivo reactivation frequency. 



Virus # "I"*^ reactivated (%) 

TG dissociated 

KOS 10/14 (86%) 

Mocl< 0/4 (0%) * 

vUs7-8mCherry-a 10/10 (100%) f 

vUs7-8mCherry-b 8/8 (100%) t 



*: p< 0.0001 compared to KOS (Fisher's exact test). 
^: p>0.1 compared to KOS (Fisher's exact test). 
doi:10.1371/journal.pone.0105103.t001 

fragment was inserted within the multiple cloning site of a pCG- 
Zeo derived eukaryotic expression vector [52] containing the 
CMV promoter, producing the plasmid pCG-mCherry. 

To minimize the impact on expression of the neighbouring 
genes, the Us7 and Us8 intergenic region was duplicated in 
tandem separated by a unique Pmel site. Each fragment was 
produced by PGR using KOS DNA as a template. The 5' 
fragment was obtained using the primers 5 ' -cccggatccctaatgc- 
cacgcgagcg and 5'-ggggtttaaacgagccaaagtcaacacaac. The 3' frag- 
ment was obtained using the primers 5'-cccgtttaaactgtc- 
catttctttcttccc and 5'-cccaagcttgcgagactttcgtcctc. The 5' and 3' 
PGR fragments were digested with Pmel and either BamHI or 
Hindi! respectively. By triple ligation using T4 DNA ligase (NEB), 
the fragments were inserted within the pET15b plasmid that had 
been digested with BamHI and Hindlll. The resulting plasmid, 
pKI\bh/ Us7-Us8, was verified by standard DNA sequencing. 
Sequencing was carried out by the McGiU University Genome 
Quebec Innovation Gentre. 

To produce the transfer vector, we next amplified the mGherry 
expression cassette from the plasmid pGG-mGherry using the 
primers 5'-ccgcggatagaattcgag and 5'-ccgcggatacgaattcttac. The 
plasmid pKT\bh/l}s7-Us8 was digested with the restriction 
enzyme Pmel, creating a site in which to insert the expression 
cassette by blunt ligation. The resulting plasmid was verified by 
DNA sequencing. 

Construction of recombinant viruses 

Recombinant viruses were produced by homologous recombi- 
nation essentially as described previously [53]. The virus vUs7- 
SmGherry was obtained by co-transfecting KOS infectious DNA 
and the transfer vector pET 1 5b/ f/,s 7- {/.ScSmGherry that had been 
linearized with Hindlll. DNA was transfected into Vero cells using 
Lipofectamine (Life Technologies) according to the manufacturer's 
instructions. Screening of recombinant viruses was based on 
expression of mGherry. Two independent isolates, originating 
from two independent transfections, were produced (a and b). The 
Us7 and Us8 intergenic regions of each independent isolate were 
sequenced to ensure the absence of undesired mutations. 

Viruses and cells 

KOS and vUs7-8mGherry isolates were propagated on Vero 
cells as described previously [54] . The KOS strain was originally 
from the PrisciUa SchaflFer lab (Harvard Medical School). Gells 
were grown in DMEM containing 5% newborn calf serum (NGS), 
and the antibiotics penicillin and streptomycin, and maintained in 
a 37°G incubator with 5% GO2. 



Western Blotting 

Vero cells were infected with either KOS or either isolate of 
vUs7-8mGherry at a multiplicity of infection (MOI) of 5. At 
18 hours post-infection (hpi), cells were lysed in RIPA buffer 
(50 mM Tris pH 7.5, 1% Triton X-100, 0.5% DOG, 0.1% SDS, 
500 mM NaCl). Proteins were resolved by SDS polyacrylamide 
gel electrophoresis, and transferred to a polyvinylidene difluoride 
membrane (ImmobUon-P; Millipore). Proteins were detected by 
Western blotting using a mouse monoclonal antibody directed 
against HSV-1 gE (Fitzgerald) or a mouse monoclonal antibody 
directed against beta-Actin (Biolegend), followed by appropriate 
secondary antibodies conjugated to horseradish peroxidise (Bethyl 
and Sigma respectively). Detection was done by enhanced 
chemiluminescence (GE) according to the manufacturer's instruc- 
tions. 

Viral replication assays 

Viral yield was determined using one-step rephcation assays. 
Vero cells (2.5x10'') were seeded in duphcate in cell culture tubes 
containing 2 ml of complete medium. The next day, cells were 
infected with the indicated virus at an MOI of 5. At 6, 12, 18, and 
24 hpi, the respective tubes were removed from the incubator and 
placed at — 80°C. Tubes were thawed and sonicated, and total 
virus (cell associated and cell free) was titrated. 

Murine model of ocular infection 

Mouse experiments were conducted essentially as described 
previously [32,55]. Seven-week old GD-1 mice were obtained 
from Gharles River, and were acclimatized for 5-7 days. Prior to 
infection, mice were deeply anaesthetized by intraperitoneal 
injection of a solution of ketamine (100 mg kg~ ; Bioniche) and 
xylazine (10 mg kg~ ; Bayer) diluted in saline. Following light 
scarification of the cornea, 2 x 1 O*' plaque forming units (pfu) of 
virus were applied in a dropwise manner in a volume of 7-10 llL 
to each cornea of the mice. Groups of at least five animals per 
virus were infected in each individual experiment. Virus litres 
during acute eye infection were determined from 1 to 3 d.p.i. by 
titrating virus in pooled tear films from both eyes collected with 
moistened sterile cotton swabs while the mice were anaesthetized 
with isofluorane (Baxter). Titres of virus in TG during acute 
infection were determined by titrating virus present in the pooled 
homogenates of both TG harvested post-mortem at 3 d.p.i. For 
titres in the eye, on each day in question, eye swabs were taken 
from three mice per virus. For titres in TG, TG were harvested 
from three mice for each virus per experiment. Virus reactivation 
following latency was assessed in an explant assay 30-40 days p.i. 
Individual TG were dissociated with coUagenase (Invitrogen) and 
overlaid on a monolayer of Vero cells. Reactivation for each TG 
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Figure 4. Identification of cells infected by vUs7-8mCherry in Kiistological sections. (A) Eyes of mice infected with vUs7-8mCherry-a were 
harvested at 2 days p.i., and analyzed by standard confocal microscopy. Structures of the eye are indicated by the white arrows. The red arrow 
indicates a group of cells infected by vUs7-8mCherry-a. (B) TG of mice infected with vUs7-8mCherry were harvested at 3 days p.i.; an infected neuron 
is visualized by confocal microscopy using the red field. (C) Merge image showing the autofluorescence of the TG in green field and the red field 
showing an infected cell. The white dashed line outlines an infected neuron. 
doi:10.1371/journal.pone.0105103.g004 



was determined by the appearance of the virus-induced cytopathic 
effect of the Vero cells, which was monitored for 10 days post- 
explant. 

Tissue sections and confocal analysis 

Eyeballs harvested 2 d.p.i., and TG harvested at 3 d.p.i., were 
fixed for 24 h in 4% PFA at 4°C, and stored in PBS. Prior to 



sectioning, samples were placed in 30% sucrose in PBS overnight 
at 4°C, immersed in frozen tissue embedding media Histo Prep 
(fisher Scientific), and frozen on dry ice until the mould was 
solidified. Serial 10 |aM sections were prepared using a cryostat 
(Kryostat 1720 digital; Leitz, Midland), and mounted on Super- 
frost Plus slides (Fisher Scientific). Cover slips were mounted using 
Prolong Gold antifade reagent (Invitrogen). The samples were 
visualized using a Bio-Rad Radiance 2000 confocal system with an 






Figure 5. Visualization of a non-sectioned infected TG with a multimodal non-linear imaging platform. (A) Myelinated axons as 
visualized by CARS microscopy. (B) Merge of the CARS signal (white) with the autofluorescence of tissue corresponding to a cluster of neuron bodies 
(green). (C) Visualization of infected cells through detection of mCherry fluorescence. The image represents the sum of all focal planes taken at 2 
microns interval through the TG. (D) CARS imaging of one of the focal planes visualized in (C) from which the autofluorescence background was 
subtracted. (E) Merge of mCherry fluorescence (red) with the corresponding focal plane of CARS microscopy (white) in (D). White arrowheads indicate 
a myelinated axon visualized by CARS microscopy. 
doi:1 0.1 371/journal.pone.01 051 03.g005 
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argon-krypton laser at 488 and 568 nm (diode, 638 nm) mounted 
on a Nikon E800 microscope. Images were prepared using Adobe 
Photoshop CS4 software. 

Immunohistofluorescence analysis of TG sections 

Detection of infected cells in histological sections was achieved 
by immunohistofluorescence (IHF). Immediately following tissue 
sectioning, samples were permeabUized for 30 minutes with PBS 
containing 5% NCS and 0.1% Triton X-100. Slides were dried 
briefly using absorbent paper, and incubated overnight at 4°C in a 
humid chamber (Sigma) with a rabbit polyclonal anti-HSV-1 
(AbCam) primary antibody at a dilution of 1:150, and Hoechst 
(Invitrogen life technologies) at a dilution of 1:500 for nuclear 
staining. The next day, shdes were washed three times with PBS 
containing 5% NCS, and incubated for 1.5 hours at room 
temperature with a goat polyclonal anti-rabbit IgG antibody 
conjugated to Alexa488 diluted 1:1000. All antibodies were diluted 
in PBS containing 5% NCS. Three additional washes were then 
carried out before mounting slide covers using ProlongGold 
antifade reagent (Invitrogen life technologies). The samples were 
visualized using a Zeiss Axio Observer Zl (63X, N.A. 1.4.) 
microscope with a diod(; laser at 405 nm, an argon multi-line 
laser at 458/488/514 nm, a DPSS laser at 561 nm, and a HeNe 
laser at 633 nm. Images were prepared using Adobe Photoshop 
CS4 software. 

Multimodal non-linear optical microscopy platform 

For the multiphoton microscopy, we used a laser scanning 
inverted microscope (TiU Photonics GmbH, Munich, Germany). 
The focusing objective used in our experiments was the Olympus 
UAPO 40XW3/340 (water immersion with a numerical aperture 
of 1.15). The size of the laser beams at the entrance of the XY 
scanner was set to ensure that the aperture of the focusing 
objective was completely illuminated. Its position relative to the 
sample was controlled by a mechanic and a piezoelectric motor for 
coarse and fine adjustment. Because the imaged samples were 
thick, the detection was performed in the backward direction. 
CARS and two-photon fluorescence light was then collected with 
the same microscope objective, and redirected to a PMT detector 
(model R6357, Hamamatsu Corporation, New Jersey, USA) by a 
dichroic mirror (model FF735-Di01-25, Semrock, Rochester, 
USA). Additional filters are put in front of the detector to 
eliminate residual laser beams and isolate the desired signal. 

For CARS microscopy, a ~150 fs pulse duration Titanium- 
Sapphire oscillator (Tsunami, Spectra Physics, Santa Clara, USA) 
was spatially and temporally overlapped with a 15 ps pulse 
duration Nd: YVO4 laser (V anguard. Spectra Physics, Santa Clara, 
USA). The two lasers were electronicEiUy locked to have the same 
repetition rate (~80 MHz). The wavelength of the Titanium- 
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